The kinA (spoIIJ) locus contains a single gene which codes for a protein of 69,170 daltons showing strong homology to the transmitter kinases of two component regulatory systems. The purified kinase autophosphorylates in the presence of ATP and mediates the transfer of phosphate to the SpoOA and SPOOF sporulation regulatory proteins. SpoOF protein was a much better phosphoreceptor for this kinase than SpoOA protein in vitro. Mutants with deletion mutations in the kinA gene were delayed in their sporulation. They produced about a third as many spores as the wild type in 24 h, but after 72 h on solid medium, the level of spores approximated that found for the wild-type strain. Such mutations had no effect on the regulation of the abrB gene or on the timing of subtilisin expression and therefore did not impair the repression function of the SpoOA protein.
The kinA (spoIIJ) locus contains a single gene which codes for a protein of 69,170 daltons showing strong homology to the transmitter kinases of two component regulatory systems. The purified kinase autophosphorylates in the presence of ATP and mediates the transfer of phosphate to the SpoOA and SPOOF sporulation regulatory proteins. SpoOF protein was a much better phosphoreceptor for this kinase than SpoOA protein in vitro. Mutants with deletion mutations in the kinA gene were delayed in their sporulation. They produced about a third as many spores as the wild type in 24 h, but after 72 h on solid medium, the level of spores approximated that found for the wild-type strain. Such mutations had no effect on the regulation of the abrB gene or on the timing of subtilisin expression and therefore did not impair the repression function of the SpoOA protein.
Placement of the kinA locus on a multicopy vector suppressed the sporulation-defective phenotype of spoOB, spoOE, and spoOF mutations but not of spoOA mutations. The results suggest that the spoOB-, spoOE-, and spoOF-dependent pathway of activation (phosphorylation) of the SpoOA regulator may be by-passed through the kinA gene product if it is present at sufficiently high intracellular concentration. The results suggest that multiple kinases exist for the SpoOA protein.
Sporulation in Bacillus subtilis is regulated by a complex program of developmental gene expression coupled with a precise series of intracellular structural events that together result in an environmentally impervious dormant body. Sporulation generally begins under cultural conditions that are not conducive to vegetative growth. The initiation of the sporulation process depends on the successful action of the products of the spoO genes (12) . The spoO gene products are responsible for transduction to the transcription machinery of the metabolic signals that induce sporulation. One major role of the spoOA gene product is to release repression of stationary-phase gene expression brought about by the AbrB protein (26, 29) . This is accomplished by activation of the SpoOA protein, which becomes a repressor of the synthesis of the AbrB repressor (Strauch, Spiegelman, and Hoch, unpublished data).
Studies of the primary structure of the SpoOA and SpoOF proteins revealed that the SpoOF protein was homologous to the amino-terminal half of the SpoOA protein (7, 31) . These closely related regions are characteristic of the homology between receiver proteins in two-component transmitterreceiver regulatory systems (15, 24) . It follows then that the SpoOA and SpoOF proteins may be the recipients of signals from transmitter proteins. Ninfa and Magasanik (22) discovered that the mechanism of signal transmission from the nitrogen-regulatory transmitter NtrB to the receiver protein NtrC was phosphorylation of the latter by the former in the presence of ATP. Similarly, the activation of chemotaxis proteins CheB and CheY by the CheA transmitter protein is a phosphorylation event (10) . The transmitter protein NtrB can phosphorylate the chemotaxis receiver proteins, and the chemotaxis transmitter protein CheA can phosphorylate the NtrC receiver (23) . These enzymatic results suggest that all two-component regulatory systems identified by homology to transmitters and receivers may function by a phosphorylation mechanism and that the observed homologies are associated with the kinase and phosphoacceptor functions.
Although the potential receiver proteins SpoOA and SpoOF had been identified among the spoO genes, no spoO gene product has been found that had the characteristic sequence of a transmitter protein. In this report we show that the spoIIJ gene (renamed kinA, kinase) codes for a protein with homology to transmitter kinases and that the kinA gene product can phosphorylate both the SpoOA and SpoOF proteins. While this work was in its early stages, Stragier and co-workers (International Spores Conference, Woods Hole, Mass. April 1988) first showed that the spoIIJ gene coded for a protein which was homologous to the transmitter class of proteins.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Bacillus subtilis strains used in this study are shown in Table 1 . Transformations were performed by the method of Anagnostopoulos and Spizizen (1) with 1 to 2 jig of plasmid DNA or 50 to 100 ng of chromosomal DNA. Transformants were selected on Schaeffer agar plates supplemented with chloramphenicol (5 ,ug/ml). Selection for the macrolide-lincosamide-streptogramin B (MLS) resistance marker conferred by transposon Tn917 was done as described by Youngman et al. (32) . The efficiency of sporulation was tested by inoculating a single colony in 5 ml of Schaeffer sporulation medium supplemented with chloramphenicol (5 jig/ml) in the case of strains carrying replicative plasmids; cultures were grown for 24 h I-Galactosidase assay. ,-Galactosidase activity in strains harboring the abrB or the aprE transcription fusions to lacZ was assayed as previously described (5) . The specific activity was expressed in Miller units (21) . KinA purification. A KinA expression vector, pJM8118, was constructed by placing the chromosomal region carried by plasmid pJM8111 (Fig. 1) under control of the inducible tac promoter contained in plasmid pKQV4 (29) . E. coli JM109 cells bearing plasmid pJM8118 were grown in Luria broth containing ampicillin (100 jig/ml) at 37°C with shaking. MgCl2, 10 mM KCl, 1 mM CaCl2, 7 mM P-mercaptoethanol, 20 ,g of phenylmethylsulfonyl fluoride [PMSF] per ml) and resuspended in 20 ml of the same buffer. Lysozyme (Sigma) was then added to the resuspended cell pellet to a final concentration of 100 ,ug/ml, and the mixture was incubated on ice for 30 min. The resulting protoplasts were then sonicated in an ice-water bath for 10 cycles of 30-s bursts separated by 1-min rests. After centrifugation at 43,500 x g for 1 h in a Sorvall SS34 rotor, the supernatant was removed and diluted with buffer A to a final protein concentration of 20 mg/ml as determined by the Warburg-Christian method (18) .
Solid AmSO4 was slowly added to this crude extract to a final concentration of 10%. After gentle stirring at 4°C for 15 min, this suspension was allowed to sit on ice without stirring for an additional 15 min before being centrifuged at 43,500 x g for 15 min. The supernatant was removed, once again solid AmSO4 was slowly added to a final concentration of 40%, and the suspension was treated as above. The resulting 10 to 40%o AmSO4 cut was resuspended in 2 ml of buffer A and dialyzed overnight against 1 liter of buffer A with one change after 4 h.
The desalted protein sample was applied to an AffiGel Blue column (3 by 14 cm; Bio-Rad Laboratories) that had been equilibrated with 5 volumes of buffer A. The column was washed with 4 volumes of buffer A plus 250 mM KCI, followed by 3 volumes of buffer A plus 2 M KCl. The protein eluted in a very wide peak during the 2 M KCI wash. The KinA-containing fractions (approximately 200 ml), as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were pooled, dialyzed against 4 liters of buffer A overnight, and applied to a DEAE-Trisacryl M (3 by 16 cm; IBF-Biotechnics) column which had been equilibrated with buffer A. The column was washed with 3 volumes of buffer A plus 100 mM KCl and eluted with a 6-column-volume shallow gradient from 100 to 300 mM KCl in buffer A. The KinA-enriched fractions as determined by SDS-PAGE were pooled and concentrated to a volume of 2 ml by repeated centrifugation at 15,000 x g in an Amicon Centriprep 10 concentrator. Glycerol was added to 25% final concentration, and the protein was stored at -70°C. The KinA protein was determined to be approximately 80 to 85% pure by Coomassie staining of an SDS-polyacrylamide gel (see Fig. 5 ).
SpoOA and SpoOF proteins were purified from E. (17) , and immediately frozen on dry ice until just prior to loading on a 15% polyacrylamide gel (17) . The samples were not boiled prior to SDS-PAGE. The undried gel was exposed to Kodak XRP-5 film for 2 h at -70°C with one intensifying screen.
RESULTS
Cloning and characterization of the Tn917 insertion region.
The Tn917 transposon mutation in B. subtilis KS19 was first characterized as an insertion either in the stage 0 sporulation gene spoOE or in the stage II gene spoIIF at position 130 on the chromosomal genetic map (27) . We first used this transposon insertion mutant in an attempt to clone the spoOE gene. Chromosomal DNA from strain KS19 transformed with linearized plasmids pTV20 and pTV21A2 was used to recover DNA fragments adjacent to both Tn917 insertion junctions as described previously (26, 32) . Two plasmids, pJMEcopTV20 ( Fig. 1) and pJMEcopTV21A2 (not shown), carrying a 2.2-kb and a 4.5-kb fragment, respectively, were obtained. These plasmids were used in transformation studies in order to determine the presence or absence of the spoOE locus. Neither plasmid pJMEcopTV20 nor plasmid pJMEcopTV21A2 was able to transform the B. subtilis spoOE mutant strains (25) to a sporulation-proficient phenotype, indicating that neither of the plasmids contained this locus.
A genetic linkage map was made by integrating plasmid pJM20/2 (a derivative of pJMEcopTV20 in the vector pJH101, Fig. 1 ) in the wild-type strain W168. With this chromosomal DNA as a donor in transformation, the linkage between the spoOE marker and the chloramphenicol resistance marker conferred by the integrated plasmid was checked. We observed 97% recombination between the Cmr and the spoOE markers. These results supported the conclusion that pJMEcopTV20 and pJMEcopTV21A2 were not carrying the spoOE locus.
Cloning the chromosomal region carrying the kinA gene. Southern blot analysis on W168 chromosomal DNA with the fragment carried by pJM20/2 as the probe was performed (data not shown) in order to find a restriction fragment that would overlap the site of insertion of the Tn917fHU19 transposon. A BclI-BclI fragment of approximately 3 kb was identified and subsequently cloned (see Materials and Methods) in the BamHI site of the vector pJM103, giving plasmid pJM8100. Transformation analysis showed that 50% of the Cmr colonies obtained after integration of pJM8100 via Campbell-type recombination in strain JH12638 containing the original transposon mutation were sporulation proficient. This result shows that the transposon insertion-inactivated gene, which has a sporulation-deficient phenotype, was not After further genetic analysis with plasmid subclones of pJM8100, we observed that integration of plasmids pJM8103 and pJM8104 in strain JH642 resulted in a Spo-phenotype, indicating that the fragments carried by these plasmids were internal to the gene of interest. On the other hand, plasmids pJM8100, pJM8102, and pJM8106 did not affect the sporulation ability of the same strain, implying that one end of the gene (or its transcription unit) had to be located between the Dral site and the XmnI sites of plasmid pJM8106. These results were obtained by microscopic analysis of bacterial colonies grown on Schaeffer sporulation agar medium. No endospores were observed in strain JH642 carrying plasmids pJM8103 and pJM8104, and approximately 40 to 60% endospores were observed in the parental strain JH642 and in strains JH642(pJM8102), JH642(pJM8106), and JH642 (pJM8100) after 18 h of growth. Further observation after 42 h of growth on solid medium revealed the presence of approximately 10% endospores in the pJM8103-and pJM8104-harboring strains and 70 to 80% spores in the remaining strains. All strains gave 70 to 80% spores after 72 h of growth, implying a delayed-sporulation phenotype for the mutant strains. We were unable to obtain Cmr integrants of plasmids pJM8101 and pJM8105, suggesting the presence of a gene which is essential for cell growth.
Since plasmid pJM8104 was internal to the sporulationassociated gene, this chromosomal region was mapped by Southern blot analysis (data not shown) in order to obtain a flanking-region clone. The adjacent region was cloned on a 1.7-kb ClaI-ClaI fragment in the AccI site of pJM103, giving plasmid pJM8110. Neither this plasmid nor its derivatives pJM8112 and pJM8113 gave an Spo-phenotype after integration in strain JH642, which implied that the transcription unit for the unknown sporulation gene had to start somewhere inside the fragment carried by pJM8112. Plasmid pJM8111, which was constructed by fusing pJM8100 and pJM8110 at the AvaI site, restored sporulation to 100% of the Cmr transformants obtained after integration of this plasmid in strain JH12638, supporting the proposed location of the transcription unit.
Sequence analysis. Sequence analysis of the chromosomal region carried by plasmid pJM8111 was performed as described in Materials and Methods (Fig. 2) . A major open reading frame (ORF) was identified in the region that was shown by genetic analysis to contain the unknown sporulation-associated gene. This ORF coded for a protein of 606 amino acids with a total molecular mass of 69,170 daltons (Da). Comparison of the sequence of the protein with those of other known proteins in the GenBank data base revealed a high level of homology in the C-terminal region with proteins such as PhoR, NtrB, and EnvZ, which are known to be part of two-component regulatory systems that respond to environmental stimuli (24) . This observation suggested that the major ORF identified in plasmid pJM8111 could also code for a protein kinase. This gene was designated kinA based on the results described below.
The sequence of pJM8111 also showed the presence of a protein-coding sequence upstream of kinA which did not have significant homology with proteins in the GenBank data base. Furthermore, its inactivation by integration of plasmid pJM8113 via Campbell-type recombination did not affect sporulation. This gene was followed closely by a strong stem-loop structure with a possible role as a terminator. The terminator recognition program of Brendel and Trifonov (2) did not flag this sequence as a terminator, however. Nevertheless, it is unlikely that kinA is cotranscribed with this gene, based on the plasmid integration studies described above.
A third ORF was identified downstream of the kinA gene on the opposite strand. This protein of 393 amino acids (43,549 Da) had some homology (Fig. 3) with the hisC gene of E. coli (8) . Its inactivation by integration of plasmid pJM8101 or pJM8105 was lethal, suggesting that it is an essential protein for cell growth even in complex medium. A potential stem-loop structure with strong similarity to rhoindependent terminators (2) was identified immediately downstream of the kinA gene and appeared to function bidirectionally.
Homology of kinA to transmitter proteins. In two-component regulatory systems, the receiver proteins are homologous over approximately 120 amino acids located at their amino termini, while the transmitter proteins share homology at their carboxy termini (24) . The KinA protein was most homologous overall to the B. subtilis phoR gene product (28) . These two proteins, aligned by the CLUSTAL4 program of Higgins and Sharp (11) , are shown in Fig. 4 . If the protein is arbitrarily divided in half at residue 303, 41 residues are identical in the amino-terminal half and 92 residues are identical in the carboxyl-terminal half of the protein. Included in this latter half were two highly conserved motifs among kinases (Fig. 4 
), A/S-H-E-I-K/R-T/ N-P-L, beginning at residue 402, and G-T-G-L-G-L, beginning at residue 569 (24)
. The carboxyl half of these proteins presumably interacts with the conserved amino terminus of receiver proteins (23) . The amino terminus of transmitter kinases is unique from kinase to kinase and may be the site of interaction with whatever effecter molecules activate the various kinases.
Phosphorylation of SpoOA and SpoOF by KinA. Although the sequence homology of KinA with that of other transmitter kinases was very suggestive of a kinase role for KinA, in vitro phosphorylation reactions were required to prove that KinA had this enzymatic function. To this end, the SpoOA and SpoOF proteins were purified to homogeneity, and the KinA protein was purified to an estimated 80% purity from E. coli extracts of strains producing high levels of each of these proteins from expression plasmids (Fig. 5) . Reaction mixtures were prepared with [_y-32P]ATP under conditions similar to those for the NtrB-NtrC reactions described by Keener and Kustu (14) . KinA was autophosphorylated in the absence of receiver proteins (Fig. 6, lane A) . This enzymatic reaction is characteristic of this class of kinases. Addition of SpoOA or SpoOF protein (Fig. 6, lanes B and C) resulted in transfer of the phosphate to these receiver proteins. The enzyme appeared to be much more active with SpoOF as a receiver than with SpoOA. We estimated from shorter exposures of this autoradiograph that the level of radioactivity in SpoOF was from 25-to 50-fold higher than that observed in SpoOA. On a molar basis, the level of label in KinA and SpoOF was about equal. This was the result under the conditions employed and does not necessarily reflect the relative activities in vivo. The major point is that both SpoOF and SpoOA were phosphorylated and that KinA actively phosphorylated both proteins.
Efficiency of sporulation of kinA mutants. The Tn9J7QHU19 insertion mutation in strain KS19 was first described as causing an oligosporogenous stage II phenotype (27) ciency of several kinA mutants. A deletion-Cmr insertion kinA mutant was constructed by integrating the linearized plasmid pJM8115 (Fig. 1) into the chromosome of B. subtilis JH642 via a double crossover event. This strain, together with other strains shown in Table 2 , was subjected to growth in sporulation conditions as described in Materials and Methods. After treatment with chloroform, the number of surviving cells was compared with the number of total cells in the culture. As can be seen in Table 2 , in strains JH642(pJM8104) (in which the kinA ORF was interrupted by the insertion via single crossing-over of a plasmid that carries an internal fragment of the kinA gene) and in strain JH642(pJM8115) (which was the deletion_Cmr insertion mutant), the efficiency of sporulation was approximately 25% of that observed for the parental strain JH642 or for strains which carried plasmids that do not inactivate the kinA gene (e.g., pJM8102). The lower frequency of the strain carrying the interrupted kinA gene was similar to that of the strain with the transposon kinA mutation, JH12638.
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AbrB and protease regulation in a kinA mutant strain. The regulation of the transition state in a kinA-deficient strain was tested by analyzing the transcription of the transition state regulator abrB gene (26) and of the aprE gene, which is known to be activated at this stage of cell growth (5). Strains JH12604 and JH12315 (Table 1) Figure 7 shows the results of the assay. Transcription from the abrB promoter and the aprE promoter in the kinA mutant showed normal temporal regulation in comparison with the wild-type strains. The rate of transcription from the subtilisin promoter in the sporulationdeficient strain was two-to threefold higher than in the Spo+ strain. AbrB (15, 24) . The carboxyl terminus of these proteins is thought to interact with the conserved amino terminus of receiver proteins, and it is these portions of the molecules that may contain the kinase and phosphoacceptor enzymatic functions (23 Evidence from plasmid integration studies suggests that the kinA gene is the sole cistron in its transcription unit. Thus, the second component of this potential two-component regulatory system was not obvious as a gene cotranscribed with kinA. Genes for both components of twocomponent systems are usually found in the same operon in a variety of bacteria, including the B. subtilis two-component pairs phoR-phoB (28) and degS-degU (9, 16). The receiver protein genes spoOA and spoOF are single-cistron transcription units with no hint of a transmitter kinase gene flanking them (7, 30 (20) , and we found that plasmid pJM8118 could transform the scoD4 mutation to prototrophy (unpublished results), suggesting that the scoD locus is identical to kinA.
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Activation of the SpoOA protein is thought to be the final step in the action of the SpoOB, SpoOE, and SpoOF proteins on sporulation (unpublished results). A multicopy vector containing the kinA gene was able to overcome mutations in the spoOB, spoOE, and spoOF genes but not a mutation in the spoOA gene. These results suggest that the phosphorylation of SpoOA is the ultimate target of spoOB, spoOE, and spoOF action. A similar plasmid carrying the DegS kinase (9) was ineffective (unpublished results), suggesting some specificity in KinA function. The results are most consistent with the possibility that multiple kinases exist for the SpoOA protein and that KinA may be one of this group.
